Introduction
============

In spite of advances in surgical clipping and endovascular coiling, some complicated aneurysms remain impossible to be treated using the conventional methods. For such a case, flow alteration treatment (FAT) has been suggested.^[@B1]^

Wall shear stress (WSS) and shear rate were identified in the 1970s and subsequently investigated for their potential impact on thrombus formation.^[@B2],[@B3]^ Thrombus formation is induced in a condition of flow stagnation. Corbett et al.^[@B4]^ conducted the experimental study to determine the threshold values of WSS and shear rate that are necessary to thrombus formation in a condition of flow stagnation. They revealed a WSS threshold of 0.41 Pa and a shear rate threshold of 54/s in a shear thinning blood viscosity model and thrombosis occurred below this threshold.

In this report, we present a case of an unruptured vertebral artery (VA) aneurysm, for which FAT was performed based on computational fluid dynamics (CFD) results, leading to complete obliteration of the aneurysm without ischemic complications. In addition, we report hemodynamic features associated with intra-aneurysmal thrombus formation.

Case Report
===========

A 69-year-old female was incidentally found to have an unruptured left VA fusiform aneurysm. Three-dimensional computed tomography (3D-CT) angiography showed the aneurysm at the left V4 segment located distally to the left posterior inferior cerebellar artery (PICA) origin, which had grown over 1 year ([Fig. 1A](#F1){ref-type="fig"}). Intra-aneurysmal thrombosis was not shown on magnetic resonance image. The aneurysm size was 14.8 mm and posterior communicating arteries on both sides were invisible on 3D-CT angiography. The anterior spinal artery was also not visualized even on digital subtraction angiography ([Figs. 1B and 1C](#F1){ref-type="fig"}). We planned the left VA occlusion at the proximal to the left PICA as the simplest FAT for the aneurysm, and CFD simulations were performed to predict the effects.

CFD Analysis
------------

CFD analysis was performed as previously reported^[@B5]^ and the method was briefly described as follows. The surface of the arterial lumen was constructed first by using commercially available software packages (Mimics 16.0; Materialise Japan, Yokohama, Japan). The stereolithography (STL) was re-meshed to improve the quality of the surface triangles (3-matics 6.0; Materialise Japan, Yokohama, Japan). The computational hybrid meshes were generated with tetrahedral and prism elements (ANSYS ICEM CFD15.0; ANSYS, Inc., Canonsburg, PA, USA). A straight inlet extension was added to the V3 segment of the bilateral VAs to obtain fully developed laminar flow in a control model. On the other hand, a straight inlet extension was added to the V3 segment of the left VA in a FAT model. Thus, bilateral VAs were assumed as inlets in a control model, whereas only the left VA was assumed as an inlet in a FAT model. For the fluid domain, 3D incompressible laminar flow fields were obtained by solving the continuity and Navier-Stokes equations. Numeral modeling was performed using a commercially available CFD package (ANSYS CFX CFD15.0; ANSYS, Inc., Canonsburg, PA, USA). Blood was assumed to be an incompressible Newtonian fluid with blood density of 1056 kg/m^3^ and blood viscosity of 0.0035 Pa.s. Typical VA flow waveform of phase-contrast magnetic resonance imaging was scaled to achieve a physiological WSS. Traction-free boundary conditions were applied to the outlets of posterior cerebral arteries and PICAs. In transient analysis, an initial value was specified with the result of steady state analysis at the first step. The time steps were 0.0001 s, and one pulsatile cycle was taken as output. From the simulated flow fields, we calculated the following hemodynamic parameters: WSS, shear rate, oscillatory shear index (OSI) and aneurysm formation indicator (AFI). WSS indicates the frictional force exerted by the flowing blood tangentially on the dome wall during the cardiac cycle. Shear rate is defined as the rate of increase of blood flow velocity of adjacent streaming layers. OSI is defined as the directional changes of WSS during the cardiac cycle.^[@B6]^ AFI is defined as an index to detect the flow stagnation zones.^[@B7]^ AFI was calculated at the midsystolic deceleration. Other data were time average values over the pulsatile cycle of flow simulation. To evaluate the hemodynamic effects of FAT, hemodynamic parameters at aneurysm dome were compared between the control and FAT models.

Streamlines and distribution of hemodynamic parameters in each model are shown in [Fig. 1D](#F1){ref-type="fig"}. In the control model, WSS and shear rates were 4.59 Pa and 244 /s, respectively, at the aneurysm dome. In the FAT model, WSS and shear rate were reduced to 0.03 Pa and 0.76 /s respectively at the aneurysm dome, which were much less than the presumed thresholds necessary to thrombus formation.^[@B4]^ Additionally, WSS and shear rate were 2.93 Pa and 769 /s, respectively, at the left PICA and streamlines into the left PICA from the distal VA were preserved in the FAT model. The FAT model also had lower AFI and higher OSI than the control model. Taken together, we predicted that the left VA occlusion proximal to the PICA and aneurysm would induce intra-aneurysmal thrombus formation with preservation of the left PICA flow.

FAT and Postoperative Course
----------------------------

We obtained ethical approval from the ethical committee of our institute and written informed consent from the patient and her relatives prior to the FAT procedure. The operative field was exposed via a lateral suboccipital approach in preparation for the occipital artery (OA) to PICA bypass. The aneurysm precluded the exposure of the left VA distal to the aneurysm. The aneurysmal wall was not thickened and indocyanine green videoangiography clearly visualized the aneurysm ([Figs. 2A and 2B](#F2){ref-type="fig"}). After clipping of the left VA at the proximal to the left PICA and the aneurysm, indocyanine green videoangiography was performed again and showed that the aneurysm dome was not filled but a retrograde flow into the left PICA was preserved ([Figs. 2C and 2D](#F2){ref-type="fig"}). Thus, as preoperatively planned, we performed the left VA occlusion at the proximal to the left PICA with neither trapping of the VA nor OA-PICA bypass. The surgical procedure was accomplished successfully without neurological deficits. Neither antiplatelets nor anticoagulants were administered during the perioperative period. The aneurysm was completely obliterated with preservation of the left PICA flow on 3D-CT angiography within 7 days post-surgery ([Fig. 3](#F3){ref-type="fig"}). Three-month follow-up 3D-CT angiography confirmed patency of the left PICA and no aneurysm filling ([Fig. 3D](#F3){ref-type="fig"}). On time-of-flight magnetic resonance images, the reduction of aneurysmal dome was not shown at 2 and 4 months post-surgery, but shown at 2 years post-surgery ([Fig. 4](#F4){ref-type="fig"}).

Discussion
==========

The goal of treatment for cerebral aneurysms is complete obliteration of the lesion without disturbing cerebral blood flow. Most intracranial aneurysms can be treated with one of two conventional treatments: surgical clipping or endovascular coiling. However, some complicated aneurysms remain impossible to be treated using these methods. The complicated aneurysms have some of the following features: wide-necked large or giant aneurysms; dissecting, fusiform or serpentine aneurysms; thrombosed aneurysms; recanalized aneurysms after coil embolization; and perforating vessels arising from aneurysmal dome.^[@B8]^ The natural course of complicated aneurysms is unfavorable, but the treatment is also at high risk.^[@B9]^ When the conventional treatments are not feasible, FAT has been performed as a promising alternative.^[@B1]^ However, the efficacy and limitations of FAT have not yet been established. In previous reports, the morbidity of FAT for complicated aneurysms was still more than 15% including incomplete obliteration of aneurysms and ischemic complications.^[@B1]^

In hemodynamic changes induced by FAT for cerebral aneurysms, both of the flow reduction into an aneurysm and the maintenance of cerebral circulation are very important for successful treatment. Inadequate flow reduction into an aneurysm could not induce complete obliteration of the aneurysm. Incomplete obliteration of aneurysms was associated with postoperative aneurysmal rupture.^[@B10]^ In addition, insufficiency of distal cerebral blood flow may cause ischemic complications. If the hemodynamic changes due to FAT could be quantified and therapeutic effects of FAT could be predicted, FAT would be a more useful and safe therapeutic option for cerebral aneurysms.

WSS and shear rate have been investigated for their potential impact on thrombus formation.^[@B2],[@B3]^ Under normal physiological flow conditions, wall shear rate increases from about 10/s in veins to about 2000/s in the smallest arteries. The corresponding WSS is typically 0.35 to 70 Pa in the normal vasculature.^[@B11]^ In a condition of high flow velocity induced by a stenotic lesion, high WSS and high shear rate increase concentration of platelets and activate platelets, which contribute to the rate and extent of intra-arterial thrombus formation.^[@B12]^ On the other hand, thrombus formation is also induced in a condition of flow stagnation. Corbett et al.^[@B4]^ reported that thrombosis occurred below a WSS threshold of 0.41 Pa or a shear rate threshold of 54/s in a shear thinning blood viscosity model.

In this case, we performed CFD simulations to determine surgical strategies for an unruptured VA fusiform aneurysm. The FAT model had much lower WSS and shear rate than the presumed thresholds necessary to thrombus formation reported by Corbett et al.^[@B4]^ and the actual surgical treatment achieved the complete obliteration of the aneurysm without ischemic complications. In addition, the FAT model had higher OSI and lower AFI than the control model. High OSI is associated with complex flow,^[@B6]^ and low AFI means flow stagnation.^[@B7]^ Our results thus suggest that thrombus formation may be associated with complex flow under a condition of flow stagnation. Meanwhile, the method used in this report might not be applied to simulations of the therapeutic effects of FAT for partially thrombosed VA aneurysms, because presence of intrathrombotic vascular channels and defects of endothelial cells within the vascular lumen might have a significant influence on intra-aneurysmal thrombus formation.

There are several limitations related to CFD analysis in this report. We have assumed in our CFD analysis that the blood was modeled as a Newtonian fluid with blood density of 1056 kg/m^3^ and blood viscosity of 0.0035 Pa.s. In addition, in-flow conditions were not patient-specific but were derived from a representative inlet velocity waveform. Although there are discussions as to what kind of patient-specific data should be adopted for CFD analysis, previous CFD analyses suggested that the most important factor for a realistic representation of the in vivo hemodynamics is the vascular geometry.^[@B13]^ The findings in this report are promising, but should be confirmed by large-scale studies.

Conclusion
==========

Potential usefulness of CFD simulations was reported to determine treatment strategies such as FAT for aneurysms. CFD simulations may become an essential preoperative modality for complicated aneurysms.
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![Preoperative evaluation of aneurysm. (A) Three-dimensional computed tomography angiography shows an aneurysm at the left V4 segment located distally to the left posterior inferior cerebellar artery (PICA) origin. Bilateral posterior communicating arteries are invisible. (B and C) Anterior-posterior views of right (B) and left (C) vertebral angiography show no visualization of the anterior spinal artery. (D) Streamlines (a, f) and distribution of wall shear stress (WSS: b, g), shear rate (c, h), oscillatory shear index (OSI: d, i), and aneurysm formation indicator (AFI: e, j) in the control (upper) and flow alteration treatment (FAT: lower) models. Computational fluid dynamics simulations show preserved streamlines into the left PICA after the FAT simulation, much lower WSS, shear rate, AFI, and higher OSI at the aneurysm dome in the FAT model compared with the control model.](nmccrj-4-107-g001){#F1}

![Intraoperative findings. (A) The operative field is exposed via a left lateral suboccipital approach. The aneurysmal wall is not thickened. (B) Indocyanine green videoangiography clearly shows a vertebral artery (VA) aneurysm. (C) Intraoperative photograph shows clipping of the left VA at the proximal to the left posterior inferior cerebellar artery (PICA) and aneurysm. (D) Indocyanine green videoangiography shows a retrograde blood flow into the left PICA and no filling of the aneurysm dome.](nmccrj-4-107-g002){#F2}

![Chronological changes of the left vertebral artery (VA) aneurysm on three-dimensional computed tomography angiography. (A) Preoperative image shows a large fusiform aneurysm at the left VA just distal to the left posterior inferior cerebellar artery (PICA) origin. (B) At one day post-surgery, the left VA just proximal to the left PICA is invisible and the aneurysm size is obviously decreased with preservation of the left PICA. (C) At 7 days post-surgery, the aneurysm almost disappears, but the left PICA is preserved. (D) At 90 days post-surgery, patency of the left PICA and no aneurysm filling are continued.](nmccrj-4-107-g003){#F3}

![Chronological changes of the left vertebral artery (VA) aneurysm on three-dimensional time-of-flight magnetic resonance images. (A) Preoperative image shows a large VA aneurysm located on the left side of the brain stem (arrow). (B and C) At 2 (B) and 4 months (C) post-surgery, the patency of the left posterior inferior cerebellar artery (PICA) is continued, while the reduction of aneurysmal dome is not shown. (D) At 2 years post-surgery, the reduction of thrombosed aneurysmal dome is shown with preservation of the left PICA flow.](nmccrj-4-107-g004){#F4}
